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1. Introduction {#s0005}
===============

In recent years, photochemical pollutants predominantly characterized by ground-level ozone, has been plaguing China ([@bb0200]). Volatile organic compounds (VOCs), the principal precursors of ozone, play a significant role through tropospheric reaction ([@bb0135]; [@bb0220]; [@bb0235]). The VOCs emitted from a great diversity of anthropogenic and biogenic sources differ considerably ([@bb0085]). Globally, anthropogenic emissions are relatively lower, but they are most crucial in urbanized areas ([@bb0100]). Additionally, some VOC species have adverse effects on human health ([@bb0080]). Therefore, it is essential to obtain reliable information of anthropogenic VOCs and to develop strategies for reducing the emissions of VOCs and the production of ozone.

Either addressing ambient VOCs by a receptor model (RM) or the establishment of a high-resolution emission inventory (EI) is used to conduct source apportionments (SAs) ([@bb0075]; [@bb0240]). RM is operated generally by the top-down statistics on measured ambient VOCs, while EI is established with the bottom-up primary emission evaluation method. The uncertainty in EI mainly depends on the accuracy of activity levels and regional representativeness of emission factors; while the uncertainty of RM in statistical inferences is controversial, due to the overlap of trace elements in multiple sources, the differences of RMs, the influence of reaction losses of various species and so on ([@bb0110]; [@bb0155]; [@bb0210]). But RM and EI still play as synergistic roles in improving the reliability of SAs ([@bb0175]). Although great progress has been made in the VOC SAs ([@bb0005]; [@bb0065]; [@bb0075]; [@bb0205]; [@bb0230]), a high-resolution dynamic EI is rather scarce, and there are still doubts about the reliability of VOCs source structures by EI and RM. It has been increasingly significant to achieve robust SAs by reconciling the inconsistencies between different approaches.

It is essential to scientifically control of VOCs, not only in terms of SAs but also in VOC chemical composition. The current VOC abatement in China is mainly aimed at the primary emissions, rarely taking their reactive speciation into consideration ([@bb0095]). The air quality analysis during the COVID-19 lockdown by [@bb0105] indicates that extreme reductions in primary emissions cannot fully tackle the current air pollution. To effectively tackle air pollution, a developed integrative VOC control by combining reactive speciation and SAs is necessary and urgent.

Unfortunately, distinguished from the developed megalopolis, the VOCs characteristics research in South China has always been a gap ([@bb0240]). With a long-term dominant primary industry, the lack of systematic analysis of VOCs, particularly from disorganized emission sources, has become the main limitation of VOC control in less-developed areas of South China. Beihai, one of the 14 first so-called "coastal open cities" in South China, has consistently good air quality and ranks the forefront in China. The air quality in Beihai probability indicates the future air quality status of Chinese cities, which provides optimistic prospects for future VOC characterizations of Chinese cities. Sources emission reduction during the COVID-19 lockdown has played a significant role in the decrease of PM~2.5~, NO~2~ and SO~2~ concentrations in YRD ([@bb0105]), and the concentrations of these pollutants were comparable to those of Beihai in recent years (2016--2018). However, ozone did not show any reduction and increased greatly during the COVID-19 lockdown by [@bb0105], which was slightly higher than that of Beihai between 2016 and 2018. Will the VOC study in Beihai provide a reference for effective control of ozone precursors to reduce ozone concentrations?

In this study, an integrated VOC measurement-SAs-reactivity approach described in the next section including VOCs and other pollutant observations, potential SAs analyses by positive matrix factorization (PMF) model, a high-resolution monthly EI establishment for five levels of sub-sources, and a developed source--end comprehensive reactivity control index (RCI). This study aims to (1) reveal the concentration, compositions and characteristics of ambient VOCs in Beihai, (2) obtain robust SAs based on the comparisons and reconciling the RM and EI results, (3) comprehensively estimate the reactivity of ambient VOCs and their sources, and (4) to determine a developed VOC source--end integrated RCI for future air pollution control combined with VOC SAs and reactivity profiles. It is expected to provide references for VOC control in developing Chinese cities by exploring VOC characterizations and control strategies in Beihai.

2. Methods {#s0010}
==========

2.1. Sampling program and analysis {#s0015}
----------------------------------

### 2.1.1. Study domain and sampling duration {#s0020}

This study was conducted in Beihai, a typical coastal city in Guangxi, with a population of 1.68 million living in an area of 3337 km^2^ (in 2018). With the long-term dominant industrial structure of the primary industry ([@bb0165]), agricultural and food industries play important roles in Guangxi, as well as Beihai ([@bb0130]). Besides livelihood enterprises, a few large petrochemical plants, steel plants and numerous small-scale enterprises constitute the simple industrial structure of Beihai. Furthermore, the characteristics of tourist cities may highlight the contribution of local vehicle exhaust to VOC emissions ([@bb0240]). It is a typical representative of the underdeveloped areas in South China.

Based on the frequency statistics and levels of ozone pollution, temporal variations in VOC emission, and meteorological factors of 2016--2018 (Table S1), we concluded that the late summer and autumn period (from August to November) can basically reflect the year-round ozone conditions in Beihai. To investigate the VOCs concentrations, five sampling locations were established based on automatic air quality monitoring stations, including four national stations (YT, NE, NWL, and BI) and an additional urban station (BJ) ([Fig. 1](#f0005){ref-type="fig"} ). And NWL served as the background monitoring point. Synchronous sampling and analysis were conducted at each site on workdays under fine weather conditions (no rain and low wind speed). For each sampling day, two ambient VOC samples were collected during 9: 00--10:00 and 15:00--16:00, which captured the troughs and peaks of ozone levels based on the photochemical reaction of VOCs in the daytime ([@bb0190]). All sampling stations are located 30--50 m above the ground. A total of 160 VOC samples were collected across the sampling events.Fig. 1Locations and the prevailing winds of VOC sampling points in this study.Fig. 1

### 2.1.2. Sampling and chemical analysis {#s0025}

The samples were collected in pre-evacuated stainless steel canisters and subsequently analyzed with the GC--MS/FID system equipped with TH-PKU 300B pre-concentration system. The offline analysis of ambient VOCs is adopted the same procedure used by [@bb0240] and [@bb0180], which is described in Supplement Text 1. The correlation coefficient values of the calibration curve for all target compounds were above 99.5% and the relative mean deviation for the target compounds of five parallel samples was within 15%. In total, 107 VOC species were recognized, which were classified into seven categories (29 alkanes, 11 alkenes, acetylene, 18 aromatics, 35 halocarbons, 12 oxygenated volatile organic compounds \[OVOCs\], and carbon disulfide), and their concentrations were quantified. The concentration, standard deviation, and method detection limit (MDL) of each component are listed in Table S2.

2.2. Source apportionment {#s0030}
-------------------------

### 2.2.1. Positive matrix factorization {#s0035}

As previous studies, a PMF 5.0 receptor model was established to identify VOC sources in this study ([@bb0090]; [@bb0150]; [@bb0180]; [@bb0220]). Depending on the mass balance rather than the source component spectrum, the model can be optimized according to the standard deviation of the data. Negative constraint alone is an additional advantage of PMF ([@bb0045]). The mass balance equation of PMF is shown in Eq. [(1)](#fo0005){ref-type="disp-formula"} $$x_{\mathit{ij}} = \sum_{k = 1}^{p}g_{\mathit{ik}}f_{\mathit{kj}} + e_{\mathit{ij}}$$where x~*ij*~ is the concentration of species *j* in sample *i*; g~*ik*~ is the concentration of factor k contribution in sample *i*; f~*kj*~ is the mass percentage of species *j* in source *k*; e~*ij*~ is other factors for species *j* in sample *i* and p is the total number of sources.

Based on the uncertainties, the PMF solution minimizes the objective function (Q), shown in Eq. [(2)](#fo0010){ref-type="disp-formula"} $$Q = \sum_{i = 1}^{n}\sum_{j = 1}^{m}\left\lbrack \frac{x_{\mathit{ij}} - \sum\limits_{k = 1}^{p}g_{\mathit{ik}}f_{\mathit{kj}}}{u_{\mathit{ij}}} \right\rbrack^{2}$$where u~*ij*~ represents the uncertainty of species *j* in sample *i*.

The uncertainty of VOC samples is calculated using Eqs. [(3)](#fo0015){ref-type="disp-formula"}, [(4)](#fo0020){ref-type="disp-formula"}. If the VOC concentration is below the MDL, Eq. [(3)](#fo0015){ref-type="disp-formula"} is adopted; otherwise, Eq. [(4)](#fo0020){ref-type="disp-formula"} is adopted.$${Unc} = \frac{5}{6} \times {MDL}$$ $${Unc} = \sqrt{\left( {\text{Error\ Fraction} \times \text{concentration}} \right)^{2} + \left( {0.5 \times {MLD}} \right)^{2}}$$where MDL is the detection limit. The error fraction can be 5%--20% ([@bb0015]; [@bb0185]), and it was set to 10% in this study.

To ensure a good PMF solution, we replaced the data below the MDL with values equal to half the MDL. Species that were not found or below the MDL in more than 25% of the samples were excluded ([@bb0065]); otherwise, we replaced the missing data with the geometric mean of the detected concentrations, and set their uncertainties to four times the geometric mean ([@bb0220]). Analyzing the PMF running results, all bootstrap runs were performed with correlation coefficient (R^2^) \> 0.8 and almost 98% of the selected species had an absolute scaled residual less than 3, which indicated great observed-predicted correlations.

### 2.2.2. VOCs emission inventory {#s0040}

EI is recommended to estimate the primary emissions, which involves estimation applying the statistics of activity levels and localized emission factors. VOC emissions of each sub-source were calculated separately with the emission factors approach with the Eq. [(5)](#fo0025){ref-type="disp-formula"} $$E_{n} = \sum_{1}^{m}\mathit{EF}_{n,m} \times A_{n,m} \times \left( {1 - \eta_{n,m}} \right)$$where *E* ~*n*~ refers to total emission for emission source *n*; *EF* ~*n*,\ m~ refers to the emission factor for mth of source *n*; *A* ~*n*,\ m~ refers to the activity levels for mth of source *n* and *η* ~*n*,\ m~ refers to VOCs control efficiency for mth of source n.

A comprehensive high-resolution classification EI of Beihai was first established based on emission factors and local activity level data in 2018. Specifically, emission factors were obtained from the corresponding EI Guidebooks, reports, and industrial empirical parameters (Table S4). The activity data mainly derived from field investigation and tabulating survey, others were supplemented from the corresponding Environmental Statistics, Yearbook and official bulletins. The survey data were derived from nearly 20 government departments and organizations, and nearly 600 industries related to VOC emissions have been examined in Beihai. Major emission sources, including coal plants, burning boilers and kilns, the petrochemical industry, motor vehicles, shipping, aviation, railway machines, raw chemical manufacturing factories, and biological emissions, were investigated in detail. Additional explanation for the sources and types of activity date using in VOC emission inventory is described in Supplement Text 2. The year-round activity level data and monthly uneven coefficient of five level sub-sources are listed in Table S5.

2.3. Evaluation of VOCs chemical reactivity {#s0045}
-------------------------------------------

VOCs chemical reactivity is not proportional to their concentrations, which exhibits a wide range and act as another important distinguishing characteristic of VOC species. The highly reactive species degrade rapidly, while the less reactive ones are relatively stable, increasing VOC accumulation and exaggerating the potential VOC sources contribution ([@bb0160]). In this study, to adequately estimated the chemical reactivity of VOCs, the OH reactivity and ozone formation potential (OFP) were of particular concern. Here, OH reactivity level was normalized by propylene-equivalent (propy-equiv) concentration, which was evaluated by the Eq. [(6)](#fo0030){ref-type="disp-formula"} ([@bb0055]; [@bb0220]).$$\mathit{Propy} - \mathit{equiv}_{i} = \mathit{conc}_{i} \times \frac{{k_{i}}^{OH}}{{k_{\mathit{Propy}}}^{OH}}$$where *conc* ~*i*~ represents the concentration for VOC species *i*; ${k_{i}}^{OH}$ and ${k_{\mathit{Propy}}}^{OH}$ denote the reaction rate constant with OH radicals for VOC species *i* and propylene, derived from [@bb0010] (see Table S2).

Based on the maximum incremental reactivity (MIR) factor, OFP was often used to evaluate the contribution of ambient VOCs to ozone formation ([@bb0030]; [@bb0195]). Referring to the series of MIR values updated by [@bb0025] (see Table S2), OFPs were calculated based on the Eq. [(7)](#fo0035){ref-type="disp-formula"} $${OFP}_{i} = \mathit{conc}_{i} \times {MIR}_{i}$$where OFP~*i*~ is the OFP for VOC species *i* and MIR~*i*~ is the MIR for VOC species *i*.

Then a balanced reactivity control index (RCI) was defined as the Eq. [(8)](#fo0040){ref-type="disp-formula"}, based on normalized index.$${RCI}_{i} = k_{1} \times \frac{\mathit{Propy} - \mathit{equiv}_{i} - \mathit{Propy} - \mathit{equiv}_{Min}}{\mathit{Propy} - \mathit{equiv}_{Max} - \mathit{Propy} - \mathit{equiv}_{Min}} + k_{2} \times \frac{{OFP}_{i} - {OFP}_{Min}}{{OFP}_{Max} - {OFP}_{Min}}$$where RCI~*i*~ is the normalized reactivity control index of VOC species *i*; *k* is the weight, and *k* ~1~ and *k* ~2~ were set to 0.5 in this study; *Propy* − *equiv* ~Min~ and *Propy* − *equiv* ~Max~ are the minimum and maximum *Propy* − *equiv* ~*i*~ among VOC species. OFP~Min~ and OFP~Max~ are the minimum and maximum OFP~*i*~ among VOC species.

3. Results and discussion {#s0050}
=========================

3.1. Characteristics of VOCs, NOx, CO and ozone {#s0055}
-----------------------------------------------

### 3.1.1. Characteristics and spatiotemporal variations of VOCs {#s0060}

The VOCs concentration ranged from 6.62 to 165.38 ppbv (the abnormally high values that were higher than the 98th percentile of all observed concentrations were excluded in all analysis), with an average of 26.38 ppbv. According to the comparisons of VOCs in Beihai and other areas (Table S3), local VOCs concentration was lower than that in overwhelming majority of cities, comparable to that in Guilin (23.67 ppbv), higher than that in the background sites (Dinghu Mountain and Gongga Mountain). The average composition of VOCs in Beihai was dominated by alkanes (9.69 ppbv) and OVOCs (7.75 ppbv), accounting for 36.7% and 29.4%，respectively. Halocarbons (4.67 ppbv), alkenes (1.50 ppbv) and aromatics (1.47 ppbv) have lower concentrations, followed by alkyne (1.00 ppbv) and carbon disulfide (0.29 ppbv). The proportion of halocarbons (17.7%) in Beihai was higher than Guilin (5.7%), Shanghai (14.0%), Beijing (9.0%), Chengdu (10.4%), and Wuhan (10.8%), except Gongga Mountain (21.6%); while that of aromatics (5.6%) was lower than all listed cities and sites (9.3--65.7%) in Table S3 ([@bb0075]; [@bb0180]; [@bb0235]). For the most abundant species in Beihai, acetone (5.84 ppbv) was comparable to that in Chengdu ([@bb0180]), much higher than other cities. In general, the short-chain alkanes contributed higher concentrations, and isopentane (2.09 ppbv) was the most abundant alkanes in Beihai, followed by several C~2~--C~4~ alkanes (above 1 ppbv). Additionally, 1,2-dichloropropane (0.92 ppbv), dichloromethane (0.91 ppbv), and toluene (0.57ppbv) were the common halocarbons and aromatic. The concentration of each VOC species is listed in Table S2, and the comparisons of VOCs concentration, compositions and top 10 species with other areas are summarized in Table S3.

As shown in [Fig. 2](#f0010){ref-type="fig"} , the temporal variations of VOCs showed a clear monthly dependence with highest in October (33.48 ppbv) and lowest in August (15.31ppbv). This temporal dependence was consistent with alkanes, halocarbons, alkyne, and aromatics, but OVOCs and alkenes displayed highest concentration in November. It is likely due to the temporal variations of source emissions and atmospheric photochemistry of VOCs categories. On the whole, the spatial distributions of VOCs displayed a hotspot in north and southeast areas. The VOCs level at YT was the lowest and lower than the background point (NWL). The low spatial trend of VOCs in western coastal areas was likely related with clean air from South China Sea and weaker emissions nearby. The dominant VOC categories at different sites were consistent, namely alkanes, OVOCs, and halocarbons. The monthly fluctuations of VOC relative to NWL were shown in [Fig. 2](#f0010){ref-type="fig"}b. For all the points, the monthly fluctuations of alkanes were the most obvious, followed by halocarbons and aromatics at BI. In particular, with higher contributions in Beihai compared with other cities mentioned above, halocarbons were also pronounced in the background point (NWL,14.7%), exhibiting much higher concentrations (3.22 ppbv) than that in Guilin (1.35 ppbv), an inland city in the same region ([@bb0240]), but the proportion of halocarbons in Beihai (17.7%) was lower than that in two coastal cities of western Canada (18.1% and 37.2%) by [@bb0225]. They are likely to be affected by offshore winds from South China Sea, given the marine environment is a significant natural source of halocarbons and other VOCs ([@bb0035]). Combined with prevailing winds during the sampling period ([Fig. 1](#f0005){ref-type="fig"}), concentration of halocarbons in BI was 2--3 times that in other monitoring locations, reaching a high value of 16.8 ppbv in October with a low wind speed (1.4 m/s) from the land; while halocarbons in YT and NE remained at slightly low concentrations, both sites particularly affected by the offshore winds. Therefore, the spatial differences on halocarbons were more related to spatial variations of local anthropogenic emissions. Many studies on VOC SAs revealed that industrial processes and solvent usage are the predominant sources of halocarbons and OVOCs ([@bb0145]; [@bb0160]; [@bb0180]). Thus, the abundant OVOCs (predominantly acetone) and halocarbons may be correlated with the local industries emission and solvent utilization. Although some variations were observed, the average VOCs concentration can be considered to reflect the annual baseline level of Beihai.Fig. 2Temporal and spatial variations of ambient VOCs in Beihai.Fig. 2

### 3.1.2. Correlations between air pollutants and VOC/NOx ratios {#s0065}

The average concentrations of O~3~, NOx, and CO during the study period were 67.08, 19.89, and 890 μg/m^3^, respectively. The concentration of NOx was lower than that in many cities ([@bb0240]). For the diurnal variation of secondary pollution, O~3~ revealed a signal peak tendency with minimum and maximum concentrations appearing at 8:00--9:00 and 14:00--16:00, probably affected by solar radiation variations during daytime ([Fig. 3](#f0015){ref-type="fig"} ). For the diurnal variations of ozone precursors, NOx showed the opposite tendency and bimodal tendency, corresponding to morning and evening traffic peak; VOCs concentration generally decreased during the intense photochemical reactions about 15:00. However, the VOCs concentration at 15:00 was higher than 9:00 in several sampling days, especially in September and October. This was likely due to the diurnal accumulation of VOC emissions during the annual peak production period. Similar diurnal variations of NOx were observed, but the occurrence days were not fully synchronized with VOCs. Moreover, associations between VOCs and other air pollutants are shown in Table S6. A weak positive correlation between VOCs and NOx was performed (r~s~ = 0.100). These results implied that there were some differences between the sources of NOx and VOCs. O~3~ was observed a significantly negative correlation with NOx (r~s~ = −0.264, p \< 0.01) and a weak correlation with VOCs (r~s~ = −0.026). The temporal variations of O~3~ and VOCs showed obviously consistent, with the highest and lowest concentrations in October and August. However, the NO~x~ concentrations decreased slightly in October. A moderate positive correlation between VOCs and PM~2.5~ (r~s~ = 0.255, p \< 0.01) revealed that VOCs may contribute to PM~2.5~ generation ([@bb0070]; [@bb0240]). CO as a tracer of vehicle exhaust, its significantly correlations with VOCs (p \< 0.05) and NOx (p \< 0.01) reflected the obvious effects of vehicle emission on ambient ozone precursors ([@bb0140]). The average VOC (ppbC)/NOx ratio (8.38:1) was closed the approximately threshold (8:1) of the transition from VOC-limited to NOx-limited regime ([@bb0170]). In August and September, VOC/NOx ratios were approximately 7:1, indicating the VOC-limited formation in early autumn. Therefore, in this city with lower concentrations of ozone precursors, ozone formation was more likely to be double-controlled by VOC and NOx.Fig. 3Time series concentrations (a) and average diurnal variations (b) of NO~x~, CO, O~3~ and VOCs.Fig. 3

3.2. Source apportionments and comparisons of RM and EI {#s0070}
-------------------------------------------------------

### 3.2.1. Source apportionments by PMF {#s0075}

Considering the typical tracer species, high concentration species, and reactive identification species, 80 VOC species were selected to input PMF models, accounting for more than 90% of the VOC concentration. Eight factors resolved by PMF respectively were transportation, petrochemical industry, food industry and combustion, other industrial processes, biogenic emissions, fuel evaporation, solvent utilization 1--2, which are summarized in [Fig. 4](#f0020){ref-type="fig"} . Their source profiles are listed in Table S7.Fig. 4VOC source profiles and source emission contributions derived from the PMF model.Fig. 4

Based on the PMF-resolved results, transportation, other industrial processes, biogenic emissions, and fuel evaporation contributed 16.3%, 19.1%, 13.7%, and 4.6%, respectively. Their identification is described in Supplement Text 3, and other three regional special sources are detailed below.

In factor 2, the petrochemical industry was identified by abundant C~2~--C~4~ alkanes, C~2~--C~3~ alkenes, ethyne and aromatics, correspond with the emission compositions of refinery and petrochemical processing ([@bb0015]). Additionally, 1,2-dichloroethane (67.8%) was dominated in this factor, which is also a significant symbol of the petrochemical industry ([@bb0045]), followed by 1,2-dichloropropane (65.3%), and methylene chloride (60.5%). Petrochemical industry, a significant industrial VOC emission source in Beihai, was identified as an independent source, contributing highest (20.7%) to VOCs.

Factor 3 had a higher contribution (16.5%) to VOCs, dominated by higher percentages ethene (61.8%), propane (54.5%), propene (50.1%), acetylene (47.9%), n-butane (41.0%), i-butane (37.0%) and some aromatics. VOCs emitted from coal-fired boilers are usually composed of acetylene, C~2~--C~4~ alkanes and alkenes ([@bb0120]). Generally regarded to be a typical trace of biomass burning ([@bb0120]), chloromethane also had a small proportion (2.1%) in this source profile. Thus, the profile was similar to combustion, but the proportion of butane (11.4%) in this factor was higher than that in combustion profiles (2--3%) by [@bb0215]. In the EI of Beihai, combustion only occupies a small part, which is mostly served for food processing with abundant butane disorganized emission ([@bb0215]). Therefore, this factor was primarily attributed to food processing and related fuel combustion.

Solvent utilization was identified in factors 7 and 8. The former was because of high fractions of aromatics (predominantly BTEX), which was distinguished as solvent usage in coating/painting ([@bb0020]; [@bb0075]; [@bb0115]); the latter was explained by more than 60% of OVOCs, especially abundant acetone (38.2%) and 2-propanol (19.9%). Previous studies suggested that acetone was mainly emitted from industrial solvents and household solvents ([@bb0155]; [@bb0245]), and 2-butanone was related to the pharmaceutical utilization ([@bb0180]). They were merged into "solvent utilization", with a total contribution of 9.1%.

### 3.2.2. VOCs emission inventory {#s0080}

To obtain more reliable SAs by comparative analysis, we also investigated the EIs to estimate the primary VOC emissions. As shown in [Fig. 5](#f0025){ref-type="fig"} , since the petrochemical industry and food industry were separated from industrial processes, anthropogenic VOC sources were subdivided into eight categories. The total anthropogenic VOC emissions of Beihai in 2018 were 40.98 Gg. Particularly, petrochemical industry (33.0%) was the largest anthropogenic contributor, due to highlighted contribution of several leading industrial conglomerates in this small touristy and non-industrial city. The second greatest contributor was food industry (24.9%), comparable to that of Guangxi (23.6%), but much higher than other cities ([@bb0130]). Other industrial processes accounted for 13.3%, dominated by synthetic product manufacturing and metal smelting. Transportation made a higher contribution (12.0%), with a significant contribution (48.4%) from gasoline/diesel passenger cars. Next was solvent utilization (9.1%), dominated by roadwork (60.8%). Fossil fuel combustion (3.4%) and biomass burning (0.9%) contributed small. The contribution of storage and transport (3.4%) was higher than in other areas (2%--3%) by [@bb0155].Fig. 5Emissions and contributions of anthropogenic VOC sources (a) and sub-sources (b) in Beihai, 2018.Fig. 5

Large scale enterprises are concentrated in the Tieshangang area, including several large petrochemical and steel plants, as well as Beihai power plant, which may be the main reason of the high VOCs concentration in BJ and northern areas. Food processing enterprises are scattered, and industrial emissions have a greater impact on BI. From [Fig. 5](#f0025){ref-type="fig"}a, the average SAs during the VOC sampling period can basically reflect the annual relative emission intensity of VOC sources. For the temporal variations, the contribution of transportation increased significantly in October due to the higher traffic flow during National Day. The food industry contributed highest (40.3% in November) in the hot periods (winter and November) of sugar production. Meanwhile, the bagasse burning enhanced the contribution of biomass burning, but it remained low (1.5% in November). The emissions and monthly contribution coefficients of sources are detailed in Fig. S1. Additionally, the corresponding statistics data of five level sub-sources is listed in Tables S4--S5.

### 3.2.3. Comparisons of the source structures between RM and EI {#s0085}

In [Fig. 6](#f0030){ref-type="fig"} , the source structures of anthropogenic VOC sources resolved by PMF were compared to that of annual EI. Petrochemical industry contributed the largest to anthropogenic VOCs in both EI and RM, but its proportion in EI (33.0%) was slightly higher than that in RM (24.0%). Similar differences on the food processing and associated combustion between EI (29.2%) and RM (19.1%) were more obvious. They were consistent with the combustion divergences for the city-center of Chengdu from EI (17.9--59.4%) and RM (12.1--31.0%) by [@bb0180]. These divergences probably attribute to their active components, such as C~2~--C~4~ alkenes and alkyne, which are removed instantly by atmospheric oxidation ([@bb0015]). As illustrated in Eqs. [(9)](#fo0045){ref-type="disp-formula"}, [(9)](#fo0050){ref-type="disp-formula"}, [(10)](#fo0055){ref-type="disp-formula"}, [(11)](#fo0060){ref-type="disp-formula"}, [(12)](#fo0065){ref-type="disp-formula"}, [(13)](#fo0070){ref-type="disp-formula"}, the chemical losses of highly reactive light olefins reduce the source contributions resolved by PMF ([@bb0040]). But the divergence on the SAs of petrochemical industry was smaller, due to great amounts of inactive alkanes and halocarbons also in petrochemical source profiles. Long-lived inactive components tend to accumulate in the atmosphere ([@bb0060]), which maybe overestimate the relevant source contributions by PMF. This is one possibility for the SA divergences of other industrial processes between EI (13.3%) and RM (22.2%). The incomplete statistics of other industries may also enhance the underestimation of this source proportion in EI ([@bb0160]). However, given there is no heating system in Beihai with an average annual temperature of 22.8 °C between 2016 and 2018, always neglected heating consumption in the EIs has little impact on Beihai ([@bb0180]).$$\left. {OH} + {RCH} = CH_{2}\left( {+ O_{2}} \right)\rightarrow{RCH}\left( O_{2} \right){CH}_{2}{OH}\ \left( \text{major} \right) \right.$$ $$\left. \rightarrow{RCH}\left( {OH} \right){CH}_{2}O_{2}\ \left( \text{minor} \right) \right.$$ $$\left. {RCH}\left( O_{2} \right){CH}_{2}{OH} + {NO}\rightarrow{RCH}\left( O \right){CH}_{2}{OH} + {NO}_{2} \right.$$ $$\left. {RCH}\left( O \right){CH}_{2}{OH}\rightarrow\text{RCHO} + {CH}_{2}{OH} \right.$$ $$\left. {CH}_{2}{OH} + O_{2}\rightarrow\text{HCHO} + {HO}_{2} \right.$$ $$\left. {HO}_{2} + {NO}\rightarrow{OH} + {NO}_{2} \right.$$ Fig. 6Comparisons of anthropogenic VOCs source structures between RM and EI.Fig. 6

The contribution of transportation with both methods was comparable and significant. The ratios of T/B (1.52) were close to 2, which indicated that vehicle emission is dominant in Beihai ([@bb0050]). However, the contribution of transportation to EI (12.0%) was slightly lower than that from RM (18.9%). It is worthwhile to note that the kinds of VOCs by measurement in the study (107) have a certain difference with those in EI (152) ([@bb0180]; [@bb0215]). Individual aldehydes (predominantly formaldehyde and acetaldehyde) were not detected in Beihai and Guilin ([@bb0240]), which mainly emitted from diesel machinery, biomass combustion and cooking by [@bb0215], accounting for only 1--2% in EI of Beihai. Variations from these carbonyl compounds have little effect on the discrepancies of transportation in the EI and RM in the study area. [@bb0125] emphasized that VOC emission of fuel volatilization from vehicles is often a missing yet significant part in the current EIs. Considering a high-resolution EI of transportation was established based on the detailed date on five emission levels through the field investigation and statistics (Table S5), the underestimation of the source contribution of transportation in EI can be explained by vehicular evaporation emissions, which was excluded in primary source emission statistics, but shown in the PMF results.

The contribution of solvent utilization to EI (9.1%) was comparable to that from RM (10.5%). The low contribution of solvent utilization was consistent with low level ambient aromatics in Beihai. Moreover, the SAs of solvent utilization were both lower than that in Chengdu (26--27%) by [@bb0180]. These results indicated the SA of solvent utilization in Beihai is low, especially from industrial solvent.

Last but not least, compared to other cities, quite high ratios of X/E (1.61) were observed, suggesting little aging air mass and a lower exposure to the long-distance pollution sources ([@bb0050]; [@bb0240]). The secondary and aging air masses were excluded from EI, which also was not identified by PMF in this study. Overall, although there are little differences between RM and EI, the source structures with two methods achieve good consistencies. Furthermore, addressing the impacts of chemical losses by using RMs, obtaining detailed source separation characteristics and supplementing emissions from missing sub-sources will contribute to reconcile the SAs discrepancies between EI and RM. The ratios of T/B and X/E are showed in Fig. S2.

3.3. Improving control strategies for ambient VOCs and their sources {#s0090}
--------------------------------------------------------------------

### 3.3.1. Ambient VOCs reactivity and reactivity control index (RCI) {#s0095}

As shown in [Fig. 7](#f0035){ref-type="fig"} , the OFP and propy-equiv concentrations were 52.35 ppbv and 4.22 ppbv, respectively. Although alkene concentrations were lower compared to alkanes, their high reactivity made the largest contribution to ozone formation (30.3%) and propy-equiv concentration (44.1%), confirmed by previous research ([@bb0075]; [@bb0085]; [@bb0240]). Except for OVOCs, the propy-equiv concentration showed a strong consistency with OFP (r~s~ = 0.986, p \< 0.01), indicating significant correlations between the OH reactivity and ozone formation of VOCs ([@bb0075]). As a VOC group with the highest concentration and higher average MIR values (\~3.47), OVOCs occupied a more significant proportion to OFP (22.5%) than propy-equiv concentration (2.4%). Additionally, alkanes and aromatics contributed 21.6% and 17.4% to OFP, and their contributions to propy-equiv concentration accounted for 30.2% and 23.3 separately. However, both the OH reactivity and OFP of halocarbons were low, mainly due to the strong chemical bonds within the halocarbons ([@bb0160]). The species reactivity based on OH reactivity and OFP was not completely consistent. From the top 10 species based on different scales ([Fig. 7](#f0035){ref-type="fig"}), although isoprene concentration was relatively low, it ranked at first (23.0%) and fourth (5.1%) in the OH reactivity and OFP, respectively; while ethene contributed the largest to OFP (14.8%), but it contributed little to OH reactivity (6.6%). This is because that propy-equiv method is mainly focused on kinetic activity and probably overestimates the species (like isoprene) with a faster OH reaction rate, while the MIR method is focused on the mechanism reactivity ([@bb0250]).Fig. 7VOC levels and top 10 species based on different scales in Beihai.Fig. 7

Therefore, VOC reactivity was balanced by equivalent weights for both MIR and propy-equiv methods using Eq. [(8)](#fo0040){ref-type="disp-formula"}. According to the VOCs RCI, 107 ambient VOCs were classified to five control levels (Table S7), and these fifteen VOCs in level I (isoprene, ethene, isopentane, 2-butanone and propene) and level II (toluene, i-butane, m/p-xylene, n-pentane, acetone, n-butane, trans-1,3-dichloropropylene, acrolein, 1,2,3-trimethylbenzene and styrene) were selected as active ambient species. The terminal control focused on the reactive VOCs (especially level I species) is more targeted to effectively reduce the formation of ozone. Meanwhile, with respect to the VOC abatement, the reactive VOC sources also need to be considered.

### 3.3.2. VOC sources control combined source apportionment and reactivity {#s0100}

By combining the VOC SAs with the chemical reactivity of VOC species, we attempted to develop a comprehensive index for VOC sources control. Based on the profiles of each source resolved by the PMF and EI results, the OFP and propy-equiv annual emissions of VOC sources were 67.98 Gg and 105.93 Gg, respectively. Then, a normalized source RCI was determined by equivalently weighing OFP and propy-equiv concentration. Control index based on two scales (CI and RCI) of VOC sources and each VOC source RCI profile are illustrated in [Fig. 8](#f0040){ref-type="fig"} . And the RCI of sub-sources is listed in Table S10, as well as their CI. Just considering the VOC emissions, the CI of petrochemical industry was ranked first except in winter. However, taking species reactivity into consideration, the RCI of food industry and corresponding combustion was the most dominant, especially in autumn and winter (RCI accounting for \~50%), and the emission abatement of its reactive species (i.e., C~2~--C~4~ alkenes and C~4~--C~6~ alkanes) is crucial. Additionally, the RCI (0.37) of solvent utilization was also dominant, attributed to the abundant highly reactive aromatics and a few alkenes. Meanwhile, the significance of transportation emissions (RCI = 0.27) cannot be ignored, especially from C~4~--C~5~ alkanes. The RCI (0.09) of other industrial processes was small, and some attention should be paid to synthetic product and leather manufacturing, as well as metal smelting. In brief, policies to reduce anthropogenic VOC emissions should be mainly aimed at food industry and corresponding combustion by boilers and kilns, solvent usage, petrochemical industry and transportation, and in particular on their highly reactive species (see Tables S9--S10).Fig. 8Control index based on two scales (a) and RCI profiles (b) of VOC sources.Fig. 8

4. Conclusions {#s0105}
==============

In this study, 107 ambient VOCs were continuously measured and their characteristics were explored for the first time in Beihai, providing optimistic prospects for future VOC characterizations of Chinese cities. The correlations between air pollutants and VOC (ppbC)/NOx ratio (8.38:1) revealed ozone formation was more likely to be double-controlled by VOC and NOx in this city with low levels of ozone precursors.

Meanwhile, both SAs and VOC reactivity were synthetically analyzed based on different methods to develop strategies for optimal control of VOC sources and reactive species. SAs were estimated from different perspectives: seven potential sources were identified with the PMF model, and a high-resolution monthly dynamic EI with eight sources (five level sub-sources) was established. Furthermore, robust SAs were obtained by comparing and reconciling the differences of two approaches in terms of chemical reactivity of species, reaction losses, uncertainties, pollutant transmission, T/B and X/E and so on. Both EI and RM results indicated that petrochemical industry, food industry and transportation were significant contributors.

The reactivity of ambient VOCs and sources was evaluated by both MIR and propy-equiv methods. These results by two methods were separately normalized and balanced using equivalent weights. Finally, aimed at the source--end control, a comprehensive VOCs abatement policy was suggested: for end control, the ambient VOC reactivity control index (RCI) was determined, and reducing the emissions of those fifteen highly reactive VOCs above mentioned (RCI \> 0.25) was more effective; for source control, the predominant anthropogenic sources and their emitted highly reactive VOC species were determined based on SAs and RCI. According to source reactivity, VOCs emission from food industry was the most prominent, which is a significant characteristic in parts of South China. Unorganized emission from the food industry needs to be tightly controlled.

The VOCs characterizations and robust SAs in this study provide scientific support to analyze air quality. The RCI of VOCs source--end control established in this study supplemented the consideration of reactive speciation on the basis of VOC emission intensity, which offers a more scientific reference for effectively control future ozone pollution.
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